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pass transmembrane proteins are an important class of receptors that display a wide variety of activation mechanisms, often
involving ligand-dependent dimerization or conformational changes. Resolving the activation mechanism and dimerization state
of these receptors is extremely challenging, especially in a live-cell environment. Here, we report on the dimerization state of
PlexinA4 and its response to activation by semaphorin binding. Semaphorins are dimeric molecules that activate plexin by bind-
ing two copies of plexin simultaneously and inducing formation of a specific active dimer of plexin. An open question is whether
there are preexisting plexin dimers that could act as autoinhibitory complexes. We address these questions with pulsed inter-
leaved excitation fluorescence cross-correlation spectroscopy (PIE-FCCS). PIE-FCCS is a two-color fluorescence microscopy
method that is directly sensitive to protein dimerization in a live-cell environment. With PIE-FCCS, we show that inactive
PlexinA4 is dimerized in the live-cell plasma membrane. By comparing the cross correlation of full-length PlexinA4 to control
proteins and plexin mutants, we show that dimerization of inactive PlexinA4 requires the Sema domain, but not the cytoplasmic
domain. Ligand stimulation with Sema6A does not change the degree of cross correlation, indicating that plexin activation does
not lead to higher-order oligomerization. Together, the results suggest that semaphorin activates plexin by disrupting an inhib-
itory plexin dimer and inducing the active dimer.INTRODUCTIONPlexins are transmembrane receptors for the axon guidance
molecules semaphorins (1). Binding of semaphorin to
plexin triggers cellular signaling cascades that play essential
roles in neuronal axon guidance, as well as other processes
such as angiogenesis, bone homeostasis, and immune re-
sponses (reviewed in (2–4)). Malfunction of the plexin-
mediated signaling pathways has been associated with
various diseases, including neurological disorders and can-
cer (reviewed in (5–7)).
Mammalian plexins are sorted into four classes (A–D)
based on their sequence homology (reviewed in (8,9)).
Plexins are single-pass transmembrane proteins that
contain a multidomain extracellular region, a transmem-
brane helix, and a multidomain cytoplasmic region. The
N-terminal Sema domain in the plexin extracellular region
is responsible for binding semaphorin (10–12). Binding
of some class III semaphorins to class A plexins also re-
quires the coreceptor neuropilin (13,14). Semaphorins are
dimeric molecules and can bind two copies of plexin
simultaneously (13–16), leading to formation of a spe-
cific active dimer of the plexin cytoplasmic region
(17,18). The plexin cytoplasmic region contains a GTPaseSubmitted October 23, 2014, and accepted for publication April 27, 2015.
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mally autoinhibited when plexin is monomeric (19). For-
mation of the active dimer triggers activation of the
plexin GAP domain, which transduces signal by acting spe-
cifically on the small GTPase Rap (17,18). Like most small
GTPases, Rap is a molecular switch that cycles between
the GTP-bound active state and the GDP-bound inactive
state (23). The GAP domain of plexin accelerates hydroly-
sis of GTP to GDP for Rap, thereby converting Rap to
the GDP-bound inactive state. Turning Rap to the inactive
state is an essential step in plexin-mediated cellular func-
tion (18).
Several lines of evidence suggest that plexin regulation
on the cell surface is more complicated than this simple
monomer/dimer interconversion mechanism. A preformed
inhibitory dimer of plexin may exist to suppress the basal
activity, and semaphorin would activate plexin by convert-
ing it to the active dimer form (15). A Sema domain-medi-
ated head-on dimer has been observed in a crystal structure
of PlexinA2, although the presence of such a dimer in so-
lution or on the cell surface has not been established (10).
The Sema domain is indeed involved in the autoinhibition
of plexin, as removal of this domain has been shown to
lead to constitutive activation of plexin signaling (24).
Although this inhibitory effect of the Sema domain has
been attributed to an intramolecular interaction with otherhttp://dx.doi.org/10.1016/j.bpj.2015.04.043
1938 Marita et al.domains in the plexin extracellular region (24), it is
conceivable that it may make intermolecular interactions
and mediate the formation of the inhibitory dimer. The iso-
lated ubiquitin-like RhoGTPase binding domain (RBD) in
the cytoplasmic region of PlexinB1 has been seen to
form a dimer, which has been suggested to be involved
in plexin autoinhibition (25). However, other studies have
suggested that this interaction does not form in the context
of the full-length cytoplasmic region and is not a conserved
feature of plexins (19,20,26).
In this study, we set out to address the questions of
whether and how plexins form a preformed inhibitory dimer
on the cell surface by using pulsed interleaved excitation
fluorescence cross-correlation spectroscopy (PIE-FCCS).
Traditional FCCS is a two-color fluorescence microscopy
method that is directly sensitive to biomolecular interactions
in a live-cell environment (27–29). It achieves this sensi-
tivity by correlating the fluctuations in fluorescence inten-
sity as proteins diffuse in and out of a confocal detection
area. If the molecular motion is correlated, as in the case
of two molecules that form a stable dimeric species, then
the amplitude of the correlation function increases in a
well-defined way. This makes it possible to quantify the
concentration of dimeric species as well as the concentra-
tion of monomer species with high precision. PIE-FCCS
provides the same type of insight as traditional FCCS but in-
corporates pulsed laser excitation and time-correlated sin-
gle-photon counting for the removal of spectral artifacts
(30). PIE-FCCS therefore allows quantification of molecu-
lar interactions with high precision (31), even in complex
environments like the live-cell plasma membrane. PIE-
FCCS has been used to probe membrane protein oligo-
merization, leading to valuable insight about regulation
mechanisms of receptors such as epidermal growth factor
receptor (EGFR) and the G-protein-coupled receptor opsin
(32,33). Using PlexinA4 as a model system, we show that
plexin does form a robust dimer or a higher-order oligomer
on the cell surface in the absence of semaphorin binding.
The Sema domain is critical for formation of this dimer/
oligomer, whereas the cytoplasmic region is not required.MATERIALS AND METHODS
Cloning
The coding sequence of full-length mouse PlexinA4 (including the signal
peptide) was amplified using polymerase chain reaction and cloned into
the pEGFP-N1 or pmCherry-N1 vector (Clonetech, Mountain View, CA)
to fuse fluorescent proteins to the C-terminus of PlexinA4. The A206K mu-
tation was introduced by QuikChange to disrupt the dimerization tendency
of enhanced green fluorescent protein (eGFP) (this mutation is already
present in pmCherry-N1). The coding sequences of PlexinA4 (residues
1–1235) and mutant PlexinA4 (D residues 39–506) were amplified by
polymerase chain reaction and cloned to the above-mentioned vectors to
generate Dcyto and DSema constructs, respectively. Sema6A fused with
alkaline phosphatase was cloned into the pcDNA3.1 vector as described
previously (19). The Src13-GCN4-EGFR, Src13-GCN4, and Src16 vectorBiophysical Journal 109(9) 1937–1945plasmids were gifts from the Jay T. Groves laboratory, and the sequences
for Src13-GCN4-EGFR and Src16 were published previously (33).PIE-FCCS instrument
Imaging and fluorescence correlation spectroscopy measurements were
made using a customized inverted microscope (Eclipse Ti, Nikon, Tokyo,
Japan), which is described in detail in previous work (32). Fluorescence
excitation was achieved with a white light laser (SuperK NKT Photonics,
Birkerød, Denmark), with an internal pulse picker to set the repetition
rate to 10 MHz. The output light was split with a long-wave pass filter
and the excitation beams were selected with narrowband filters. A
488 nm filter (LL01-488-12.5, Semrock, Rochester, NY) was used for the
blue beam and a 561 nm filter (LL02-561-12.5, Semrock) for the green
beam. The two beams were coupled independently to identical-core sin-
gle-mode optical fibers. The fibers have different lengths chosen to induce
a 50 ns delay between the arrival times of each pulse. After passing through
the respective fibers, the beams were overlapped with a 503-nm-cutoff
dichroic beam splitter (LM01-503-25, Semrock). The overlapped beams
entered the microscope through a laser filter cube (zt488/561rpc and
zet488/561m, Chroma Technology, Bellows Falls, VT). Samples were
excited and fluorescence was collected through a 100 total internal reflec-
tion fluorescence objective (Nikon). After passing through the microscope,
the fluorescence signal was directed to an output port of the microscope and
into a custom-made confocal detection box. The unit contained a 50 mm
confocal pinhole and two single-photon avalanche diodes (SPADs, Micro
Photon Devices, Bolzano, Italy) for photon detection. The average number
of dark counts recorded by the detectors was 80/s. This is much lower than
the average number of counts during the experiments, 20,000/s, and no
dark-count correction was implemented in the data analysis below. One
detector was filtered for red light (FF01-621/69-25, Semrock) detection
and one for green (FF01-520/44-25, Semrock). Photon counts were re-
corded with a four-channeled routed time-correlated single-photon count-
ing (TCSPC) device (Picoharp 300, PicoQuant, Berlin, Germany) at a
timing resolution of 32 ps.PIE-FCCS data collection
Cos-7 cells were cultured using standard protocols and transfected the day
before the imaging experiments. Before data collection, the culture medium
was exchanged with Opti-MEM I medium without phenol red (Life Tech-
nologies, Carlsbad, CA). A stage-top incubator (Chamlide IC, Quorum
Technologies, Guelph, Ontario, Canada) was used to maintain a constant
temperature of 37C for the live cells. The laser powers were measured
before the beams entered the microscope laser path and were set to
800 nW for the blue (488 nm) laser and 1 mW for the green (561 nm) laser.
The cells were viewed in epifluorescence imaging mode and selected based
on having similar levels of expression for mCherry (mCH) and eGFP fluo-
rescence. Pixel intensity histograms during live image collection were used
to choose the ideal range of protein expression for PIE-FCCS measure-
ments, although final concentration ranges were quantified with the PIE-
FCCS data. The excitation laser was positioned near cell edges, in areas
that appear smooth and even. High-density areas were avoided, especially
the bright organelles toward the center of the cell. The laser focus was opti-
mized before each measurement. Once a cell was selected and the laser spot
was aligned on a suitable part of the cell, TCSPC data were collected with
an acquisition time of 15 s; five sets were taken per cell and then averaged
during processing. For each well plate, data were collected for 10–15 cells.
Analysis was repeated for multiple wells each day under the same condi-
tions. The laser spot was checked occasionally throughout collection to
ensure that it did not drift and was still properly aligned. Each cell analyzed
was also imaged with an Evolve 512 electron-multiplying charge-coupled
device (Photometrics, Tucson, AZ) to ensure that there was no photodam-
age or significant photobleaching. Fluorescence images were taken for the
Class A Plexins Form Inactive Dimers 1939mCH channel using filter sets 572/23 nm and 632/60 nm for excitation and
emission, respectively, and for the eGFP channel using 490/20 nm and 535/
50 nm for excitation and emission, respectively.
Photon data were processed as described previously (32). Briefly, each
15 s segment of data was time-filtered and binned into 10 ms bins. Photons
arriving at the 520/44-nm-filtered detector after the 488 nm pulse and
before the 561 nm pulse were assigned to channel G (FG(t)), whereas pho-
tons arriving at the 612/69-nm-filtered detector after the 561 nm pulse but
before the 488 nm pulse were assigned to channel R (FR(t)). The autocor-
relation functions were calculated according to the function
GiðtÞ ¼ hdFiðtÞ  dFiðt þ tÞihFiðtÞi2
:
Brackets represent a time average, and the calculation was performed with
a custom MatLab script that employed a multiple-t correlation routineGXð0Þ ¼
εgr;Gεgr;R

Ngr
þ εrg;Gεrg;R

Nrg


εg

Ng
þ εgg

Ngg
þ εgr;G

Ngr
þ εrg;G

Nrg

εrhNri þ εrrhNrri þ εgr;R

Ngr
þ εrg;R

Nrg
(33,34). Here, i refers to channel G or channel R, and dFiðtÞ is FiðtÞ
hFiðtÞi. The autocorrelation functions were then fit to the function
GiðtÞ ¼ 1hNii 
1 Ti þ Tiet=tT;i
1 Ti 
1
1þ t=tD;i
:
The hNii term is the average number of diffusing species detected in the ith
channel. Ti is the fraction of molecules found in the dark state with lifetimetT;i, and tD;i is the average dwell time of the molecules in the laser focus
and is directly related to the diffusion coefficient.
The cross-correlation function was calculated in the following way, again
using a multiple-t algorithm,
GXðtÞ ¼ hdFRðtÞ  dFGðt þ tÞihFRðtÞi  hFGðtÞi :
Because the photophysical events of eGFP and mCH are uncorrelated, the
cross-correlation data were fit to the simplified functionGXðtÞ ¼ 1hNXi 
1
1þ t=tD;X
:
Due to fluctuations in the fluorescence from multiple diffusing species, the
correlation amplitude is directly related to the brightness, εi, and popula-tion, Ni, of all the contributing diffusing species, m:
Gið0Þ ¼
Pm
i ε
2
i NiPm
i εiNi
2
Pm
εij;iεij;jNijGXð0Þ ¼ i;j ðisjÞPm
i εiNi
Pm
i εjNj
:
In our experiments, the protein of interest, P, is labeled with mCH or
eGFP and the two chimeras are coexpressed in the target cell. In thepresence of protein dimerization, four different dimeric species can exist:
P-mCH/P-mCH (Nrr), P-mCH/P-eGFP (Nrg), P-eGFP/P-mCH (Ngr), andP-eGFP/P-eGFP (Ngg). Depending on the dimerization affinity, the
dimeric species will coexist with a nonnegligible population of mono-
meric species, P-mCH (Nr) and P-eGFP (Ng). Consequently, there are
six species present in the sample under simple monomer-dimer equilib-
rium conditions assuming the cross-talk terms have all been removed by
the PIE time gating. The amplitudes of the three correlation functions
are then
GRð0Þ ¼
ε
2
r hNri þ ε2rrhNrri þ ε2gr;R

Ngr
þ ε2rg;R

Nrg


εrhNri þ εrrhNrri þ εgr;R

Ngr
þ εrg;R

Nrg
2
ε
2

Ng
þ ε2 Ngg
þ ε2 Ngr
þ ε2 Nrg
GGð0Þ ¼ g gg gr;G rg;G
εg

Ng
þ εgg

Ngg
þ εgr;G

Ngr
þ εrg;G

Nrg
2Here the second subscript in the brightness term, εrg;i, refers to the bright-
ness, εrg, in the ith channel. We first recognize that spectroscopically,
hNrgi ¼ hNgri. In addition, brightness terms are greatly simplified under
the assumption that there is negligible Fo¨rster resonance energy transfer
(FRET) and quenching in the dimeric species. Based on the average molec-
ular brightness and lifetime values reported below, this appears to be a good
approximation. Under these assumptions,
εrg;R ¼ εgr;R ¼ εr
εrg;G ¼ εgr;G ¼ εgεrr ¼ 2εrεgg ¼ 2εg;
so that the Gið0Þ terms reduce to
 GRð0Þ ¼
hNri þ 4hNrri þ 2 Nrg
hNri þ 2hNrri þ 2

Nrg
2

Ng
þ 4Ngg
þ 2Nrg
GGð0Þ ¼ 
Ng
þ 2Ngg
þ 2Nrg
2
2

Nrg
GXð0Þ ¼ 
Ng
þ2Ngg
þ2Nrg
hNriþ2hNrriþ2

Nrg
:
To compare the relative abundance of dimeric species in different cells with
varying protein expression levels, we use a figure of merit, fc (32,33).fc ¼ GXð0Þ
GR or Gð0Þ
For any given cell, the Gið0Þ value used in the calculation is the one with
the highest amplitude. In this way, f represents the fraction of thecBiophysical Journal 109(9) 1937–1945
1940 Marita et al.lower-abundance diffusing species that are found in a dual-color dimeric
complex. If, for example, there are fewer eGFP species than mCH species,
fc ¼
2

Nrg

Ng
þ 2Ngg
þ 2Nrg

hNri þ 2hNrri þ 2

Nrg

Ng
þ 4Ngg
þ 2Nrg
:
When the dimeric complexes form with equal probability, we expect that
the ratio hNggi=hNgri=hNrgi=hNrri will be 1:1:1:1. Therefore, when all of
the proteins are in a complex ðhNgi ¼ hNri ¼ 0Þ, the maximum value of
fc will be
fc ¼
2

Nrg

2

Nrg
þ 2Nrg


2

Nrg
þ 2Nrg

4

Nrg
þ 2Nrg

2

Nrg

1fc ¼ 
4

Nrg
þ 2Nrg
 ¼
3
:
This maximum valuewill be further reduced by the well-documented obser-
vation that approximately half of mCH in live cells is not fluorescent(31,35). Thus, for our system, the maximum cross correlation we would
expect is fc  0:166. In principle, it is possible to calibrate the monomer
brightness values and numerically fit the individual hNii values to extract
local concentrations and equilibrium constants (31). Here, we elect to sim-
ply report the relative ratio, fc, to compare the distribution of cross correla-
tion among different proteins, as in previous work (32,33).RESULTS AND DISCUSSION
To quantify plexin receptor dimerization, we made plasmids
that encode full-length mouse PlexinA4 fused to eGFP or
mCH on the C-terminus of the receptor. The plasmids
were used in a transient transfection protocol to induce
expression of both PlexinA4-eGFP and PlexinA4-mCHFIGURE 1 PIE-FCCS instrument diagram and PlexinA4 data are shown for se
path described in Materials and Methods. The data and model fits on the left are
inactive PlexinA4 is dimerized in its ligand-free state. Colored markers are the c
Materials and Methods. PlexinA4-mCH autocorrelation data, GR(t), are shown i
the cross-correlation function data, GX(t), are shown in blue. The amplitudes of
of diffusing species and are used together with the zero-time amplitudes of the c
plot, a horizontal dashed line marks the zero value for comparison with the cro
Biophysical Journal 109(9) 1937–1945chimeras in cultured Cos-7 cells. The mobility and
dimerization behavior of plexin were measured using a
custom-built microscope with two-color, picosecond pulsed
excitation and time-correlated single-photon-counting
detection (32). The measured density of proteins on the sur-
face ranged from 20 to 600 diffusing species per square
micron. Measurements were made on live cells maintained
at 37C with an on-stage incubator. The excitation lasers
were positioned near the edge of the cell where the basal
and apical membranes are within 100 nm of each other. In
this way, we avoided bright clusters of fluorescence that
can accumulate in vesicles and organelles. Several represen-
tative PIE-FCCS data sets for individual cells are shown in
Fig. 1.
The autocorrelation data show two characteristic time de-
cays. The first (tTz 1 ms) corresponds to the photophysics
of the fluorescent protein. The second (tD z 50 ms) is the
average dwell time of the receptors in the confocal detection
area and is directly related to the two-dimensional diffusion
coefficient through the relationship Deff ¼ u20=4tD, which
we label as the effective diffusion coefficient because of
the known complexity of protein diffusion in the plasma
membrane. The amplitudes of the correlation functions are
inversely related to the local concentrations of the diffusing
species in the laser focus and are related to a simplified
figure of merit that we call the fraction correlated, fc, defined
in the Materials and Methods section. Ideally, fc will
vary between 0 and 1, with 1 representing the situation
where all of the mCH-labeled proteins diffuse with a
GFP-labeled protein. Due to several complicating factors,
like fluorescent protein maturation and the statistics ofveral representative cells. The diagram on the left shows the simplified light
shown for several individual live-cell measurements and demonstrate that
orrelation data and solid black lines are the fit model functions described in
n red, PlexinA4-eGFP autocorrelation data, GG(t), are shown in green, and
the autocorrelation functions (at t ¼ 0) report directly on the concentrations
ross correlation to calculate the fraction of proteins in a complex, fc. In each
ss-correlation function. To see this figure in color, go online.
Class A Plexins Form Inactive Dimers 1941same-label dimerization, the value of full cross correlation
in a live-cell control protein chimera is significantly <1,
as shown in Fig. 2 and reported previously (33,36). For
full-length PlexinA4, the average fc is 0.16 5 0.08, indi-
cating that the ligand-free, inactive receptor is significantly
dimerized or oligomerized.
In Fig. 2, the fc values for PlexinA4 are compared to those
of three control proteins. The first is Src13-GCN4-EGFR,
which is the cytoplasmic kinase domain of the EGFR with
a fluorescent protein fused to its C-terminus. The N-termi-
nus of the EGFR kinase is fused to a GCN4 a-helical dimer-
ization motif followed by 13 residues of the Src kinase that
encode for a single myristoylation for membrane localiza-
tion. This chimera was developed as a positive control for
cross correlation in a previous PIE-FCCS study of theFIGURE 2 Cross correlation of wild-type PlexinA4 versus live-cell con-
trols. Src13-GCN4-EGFR is a live-cell positive control for cross correlation
used in previous work (32,33). Src13-GCN4 is also a positive control for
cross correlation, for which the EGFR kinase domain has been removed.
Src16 is a negative control for cross correlation. For each cell, the measured
fc value is plotted on the vertical axis with a beeswarm algorithm grouped
by protein type (gray squares). The total number of cells measured for each
protein type is shown in parentheses at the top of the graph. Box and
whisker plots were generated with the boxplot function in the MatLab Sta-
tistics Toolbox. The red line is the median of the distribution, blue boxes
enclose the 25th- to 75th-percentile values, whiskers include all points
(excluding outliers), and red marks indicate outliers. The notches at the me-
dian of the distribution indicate the 95% confidence interval of the median
values. In the cartoons at the top of the figure, the green shape is eGFP (or
mCH). The light blue shape is the EGFR kinase domain (EGFRk). The
GCN4 a-helix is the green barrel, and the Src-derived peptide is the dark
blue line proximal to the gray area representing the membrane. In the Plexin
A4 cartoon, the yellow shape is the Rap GAP domain. On the extracellular
side, the beige rod is the conserved sequence of the plexin-semaphorin-
integrin and immunoglobulin-plexin-transcription domains and the hexa-
gon is the Sema domain. To see this figure in color, go online.EGFR (33) and was subsequently used for comparison in
a recent PIE-FCCS study of the opsin G-protein-coupled
receptor (32). The EGFR kinase domain, however, is super-
fluous to this study, so we also report the fc data for a
second positive control in which the EGFR kinase domain
has been removed, Src13-GCN4. The average fc value
for this construct is 0.14 5 0.07, which is lower than
that of Src13-GCN4-EGFR with high statistical certainty
(p < 0.001). This difference in cross correlation likely indi-
cates that the EGFR kinase domain drives higher-order
oligomerization beyond simple dimerization, which is
consistent with earlier work on EGFR (37,38). The observa-
tion that the PlexinA4 fc distribution is lower than the Src13-
GCN4-EGFR control but slightly higher than that of the
Src13-GCN4 control may mean that a limited population
of PlexinA4 forms a complex larger than a dimer. For
simplicity, however, we will refer to the plexin complexes
as dimers while recognizing that the data allow for a small
population of higher-order oligomers.
In the absence of the semaphorin ligand, plexin remains
inactive on the cell surface. Binding of semaphorin activates
plexin, which triggers characteristic cellular shrinkage
termed collapse (13). The PIE-FCCS experiments were
done without semaphorin treatment and cells did not
collapse, and therefore, the observed dimer represents the
inactive dimer of PlexinA4. Having established the propen-
sity of PlexinA4 to form an inactive dimer/oligomer com-
plex, we created a series of modified PlexinA4 proteins to
identify the region of the protein responsible for dimeriza-
tion. First, we introduced a double point mutation in the
Sema domain to interrupt a crystal packing interface
observed in the truncated ectodomain of mouse PlexinA2
(PDB: 3AL9) (10). This ectodomain dimer had been hy-
pothesized to autoinhibit plexin function by locking the pro-
tein into a conformation that separated the cytoplasmic
domains but was not detectible in vitro. Based on that struc-
ture, we mutated two key residues in the Sema domain of
full-length PlexinA4 (E220R and F221R, corresponding to
D220 and F221, respectively, in PlexinA2) and fused it to
either eGFP or mCH. Both fusions were expressed in
Cos7 cells and measured as described above for the wild-
type receptor. The range of fc values is shown in Fig. 3
(column 2) and is displayed with the fc distribution of the
wild-type receptor for comparison. No decrease was seen
in the average value of the correlation, suggesting that the
interface observed in the PlexinA2 structure is not critical
for formation of the preformed inactive dimer.
Next, we tested whether the cytoplasmic domain of plexin
contributes to the preformed dimer. A variant of PlexinA4
was designed with the cytoplasmic domain truncated at res-
idue 1235, leaving the ectodomain, transmembrane helix,
and part of the juxtamembrane region intact (PlexinA4-
Dcyto). The fluorescent protein was fused to the C-terminus,
thus remaining on the cytoplasmic side of the plasma
membrane, similar to the wild-type fusion construct. ThisBiophysical Journal 109(9) 1937–1945
FIGURE 3 Comparison of cross-correlation data for the modified
PlexinA4 proteins compared to the PlexinA4 wild-type data. PlexinA4-
EFRR contains two point mutations in the Sema domain to disrupt a
hypothesized dimerization interface. PlexinA4-Dcyto protein is the wild-
type receptor with the cytoplasmic domain deleted. The lack of any
decrease in the fc distribution indicates that neither of these regions of the
protein is necessary for the inactive dimer conformation. PlexinA4-DSema
is the wild-type receptor with the Sema domain deleted and does show a
large decrease in the average fraction correlated, fc. This indicates that
the Sema domain is critical to the formation of the inactive dimer. Data
presentation and statistical analysis is the same as in Fig. 2. To see this
figure in color, go online.
FIGURE 4 Mobility and FRET data for controls and Plexin A4 mutants.
(A) The average effective diffusion coefficient is shown for each protein. In-
dividual values are calculated from the fit to GG(t) as: Deff ¼ w20=4tD,
corresponding to the cell data reported in Figs. 2 and 3. The error bars repre-
sent the mean5 SE values. (B) Average FRETefficiency is shown for pop-
ulations of cells corresponding to data reported in Figs. 2 and 3. The FRET
efficiency is calculated from the fluorescence lifetime, tfl, through the rela-
tionship E ¼ 100%  ð1 tfl=t0Þ. Fluorescence lifetimes are extracted
from a single-exponential fit to lifetime histograms from the identical
TCSPC data from which the PIE-FCCS data are processed. For t0, we
measured the lifetime of Src16-eGFP expressed in cells without Src16-
mCherry (t0 ¼ 2:376; the average of 52 single-cell measurements). Error
bars represent the mean 5 SE. To see this figure in color, go online.
1942 Marita et al.construct was expressed and measured as described above
for the previous receptors and the summary of fc values is
shown in Fig. 3 (column 3). For this construct, we also
see no significant decrease in the distribution of cross corre-
lation compared to the full-length, wild-type receptor. This
indicates that the cytoplasmic domain is not necessary for
formation of the inactive dimer.
Finally, we investigated a PlexinA4 variant with the Sema
domain truncated to determine its role in formation of the
inactive dimer. For this construct, the Sema domain was
deleted from the full-length receptor and the remaining pro-
tein was fused to a fluorescent protein (PlexinA4-DSema).
The -eGFP and -mCH fusions were coexpressed inCos7 cells
and measured with PIE-FCCS as above. For this protein, we
saw a dramatic shift in the fc values relative to full-length
PlexinA4. The distribution is clustered at zero, with a gradual
decrease at higher fc. The mean of the fc distribution is
0.08 5 0.12, and the distribution of values gives a p-value
that is <<0.001 compared to the wild-type receptor using
the Student’s t-test. This makes it clear that the Sema domain
is necessary for formation of the inactive dimer complex.
The mobility of the plexin receptors is consistent with
observed changes in cross correlation (Fig. 4). Wild-typeBiophysical Journal 109(9) 1937–1945PlexinA4, for example, has an average effective diffusion
coefficient of 0.25 mm2/s. This is lower than the diffu-
sion coefficient of Src13-GCN4-EGFR and is consistent
with the expected mobility of a full-length, dimerized
transmembrane receptor. The diffusion coefficient of
PlexinA4-Dcyto is 0.32 mm2/s, which is larger than for the
wild-type receptor, presumably because the removal of
the large cytoplasmic domain increases the mobility of the
protein. The diffusion coefficient of PlexinA4-DSema is
0.38 mm2/s.
For comparison, we have included cross correlation,
mobility, and lifetime parameters for the plexin variants
and control proteins in Table 1. The fc values from Figs. 2
and 3 are included in the table, as are the molecular bright-
ness, dwell time, and fluorescence lifetime values.Molecular
brightness, h, is calculated by dividing the average counts per
second recorded by the detector by the fit value of hNii, and
has units of counts per molecule per second (cpms). The
average values indicate that fluorescence intensity was
consistent for both fluorescent proteins, and there is no
obvious sign of large oligomeric clusters for any of the Plexin
proteins. Protein mobility is reported as dwell time, tD;i,
which is the average time spent by eachmolecule or complex
in the detection area. It is extracted directly from the fit to the
correlation functions and is used to calculate the effective
diffusion coefficients presented in Fig. 4. Fluorescence
TABLE 1 Summary of parameters from TCSPC and PIE-FCCS data
Src13-GCN4-EGFR Src13-GCN4 Src16 PlexinA4 PlexinA4-EFRR PlexinA4-Dcyto PlexinA4-DSema
fc (mean)
a 0.245 0.10 0.145 0.07 0.025 0.02 0.165 0.08 0.205 0.07 0.195 0.06 0.085 0.12
fc (median)
b 0.23 0.13 0.01 0.16 0.19 0.19 0.04
hG (cpms)
c 3965 18 4235 20 4485 23 3635 12 4185 28 4605 17 4065 21
hR (cpms)
c 3915 17 4275 16 4105 24 3775 13 4165 23 3755 17 2995 14
tD,G (ms)
d 44 5 2 125 1 75 1 56 5 2 50 5 4 42 5 2 38 5 2
tD,R (ms)
d 30 5 2 125 1 65 0 48 5 2 37 5 2 40 5 2 28 5 1
tD,X (ms)
d 69 5 9 725 16 1285 14 81 5 10 78 5 10
tfl (ns)
e 2.285 0.08 2.165 0.09 2.335 0.02 2.315 0.03 2.245 0.03 2.315 0.06 2.315 0.04
aThe average fc is calculated from the data displayed in Figs. 2 and 3. Error is represented as the mean5 SD.
bMedian values are taken directly from the Matlab boxplot results in Figs. 2 and 3, and exclude outliers.
cMolecular brightness, h, is calculated by dividing the average counts per second by hNii in the respective channel. Single-cell data are reported as the
mean 5 SE.
dDwell times, tD,i, are extracted from the fit correlation functions. Distribution is represented as the mean5 SE. A larger value of tD,X relative to tD,R and
tD,G is likely due to the exclusive dependence of the cross-correlation function on the reduced mobility of the dimeric species.
eFluorescence lifetimes are fit as described in the text and and are represented as the mean5 SE.
FIGURE 5 A molecular brightness comparison is shown for cells ex-
pressing only eGFP constructs. The molecular brightness, hG, is calculated
for individual cells from single-color FCS measurements by dividing the fit
value, hNgi, by the average photon count. Error bars are the standard devi-
ation. Paired Student’s t-tests give p < 0.001 comparing PlexinA4 to Src16
and PlexinA4-DSema, and p ¼ 0.51 comparing Src16 and PlexinA4-
DSema. To see this figure in color, go online.
Class A Plexins Form Inactive Dimers 1943lifetimes are obtained through a single-exponential fit to the
eGFP lifetime histogram after deconvolution with an instru-
ment response function. Fluorescence lifetimes are used to
calculate the average FRET efficiency, E ¼ 100%  ð1
tfl=t0Þ, shown in Fig. 4. FRET efficiencies are susceptible
to the distance and orientation of the fluorescent protein
donor and acceptor, and so are less obvious to interpret. We
simply show the values here to demonstrate that the FRET
efficiency is low and is not a significant factor in the interpre-
tation of the PIE-FCCS data (30)
Molecular brightness values like those reported in Table 1
can potentially be used to determine the oligomer size dis-
tribution of a protein, because they are sensitive to the
average number of photons emitted while a molecule
or complex is diffusing in the laser focus. For example,
two codiffusing fluorophores would be expected to emit
twice as many photons as a monomeric fluorophore under
otherwise identical conditions. In practice, however, the
brightness values for two-color experiments like those
shown above have a large degree of cell-to-cell variability
(s ¼ 5175–200 cpms for the data above). Standard errors
(s/ON) were reported in Table 1 to illustrate the consistency
of the data collection, as discussed above. One reason for
the large range of values is that the molecular brightness
in Table 1 is a combination of red and green monomers,
red-green dimers, red-red dimers, green-green dimers, and
any other oligomeric species that may be present in the
system.
To simplify the interpretation of the brightness values,
we conducted single-color FCS experiments in live cells
expressing only eGFP-tagged proteins. A summary of the
results is shown in Fig. 5. The entire data set was taken
on the same day under identical illumination and detection
conditions, and similar experiments were repeated to verify
the reproducibility. Our results show that the cross-correla-
tion negative control, Src16, has an average molecular
brightness of 461 5 142 cpms. The molecular brightness
of wild-type PlexinA4 is 827 5 182 cpms, which isnearly double that of monomeric Src16. This is consistent
with the conclusion that PlexinA4 is found in a dimeric
complex in its ligand-free state and that higher-order olig-
omers are not significant at these expression levels. The
Sema domain deletion construct, PlexinA4-DSema, has a
molecular brightness of 462 5 63 cpms. This is evidence
that deletion of the Sema domain results in a primarily
monomeric protein.
Finally, we investigated the clustering behavior of Plexin
A4 upon binding of semaphorin ligand. Above, we showed
that PlexinA4 is dimerized in its inactive state, but this does
not necessarily rule out the possibility of ligand-dependent
clustering. One hypothesis explored in the literature is that
ligand-bound, active plexin dimers may form oligomeric ar-
rays that could be important for signal amplification (12). To
test this hypothesis, we measured the clustering behavior of
plexin after stimulating with Sema6A, which binds and ac-
tivates PlexinA4 independent of the neuropilin coreceptor
(9), at 7 nM concentration and after at least 10 minBiophysical Journal 109(9) 1937–1945
1944 Marita et al.incubation. Cells were observed at 37C without chemical
fixation, as described for the inactive receptor experiments
above. For full-length PlexinA4, we observed significant
cell collapse after stimulating with Sema6A, as expected
from previous reports (13). Because of the large morpholog-
ical changes to the cell shape, it was important to make PIE-
FCCS measurements in regions where the cells were still
attached to the glass coverslip and the plasma membrane re-
gion was larger than the laser focus. The PIE-FCCS results
show that the clustering state did not change significantly
(Fig. 6). For the inactive receptors, the fraction correlated
was 0.16 5 0.08 before stimulation and 0.18 5 0.09
after Sema6A stimulation (p ¼ 0.098). To control for the
influence of cell morphology changes and any other
complicating factors like receptor internalization, we also
measured clustering of PlexinA4 with an inactivating point
mutation (R1427A or RA in Fig. 6) (18). For these experi-
ments, we also stimulated with 7 nM Sema6A, but observed
no significant cell collapse. The clustering for this mutant
was similar to wild-type PlexinA4 and displayed no statisti-
cally significant change in the fraction correlated upon
ligand binding. The fc value was 0.16 5 0.08 before
stimulation and 0.15 5 0.07 after Sema6A stimulation
(p ¼ 0.82).FIGURE 6 The relative cross correlation of PlexinA4 is shown before
and after stimulation with Sema6A. The wild-type PlexinA4 data in the
absence of Sema6A is the same as that in Figs 2 and 3. The PlexinA4-
RA protein contains an R1472A mutation that eliminates plexin activity
but allows for dimerization. For both PlexinA4-wild-type and PlexinA4-
RA, the distribution of fc remains unchanged upon binding Sema6A, indi-
cating no significant change to the dimer population upon ligand binding
and activation. Data presentation and statistical analysis are the same as
in Fig. 2. To see this figure in color, go online.
Biophysical Journal 109(9) 1937–1945CONCLUSIONS
In this study, we have demonstrated the propensity of inac-
tive, full-length PlexinA4 to self-associate in live-cell mem-
branes. This was shown with a time-resolved fluorescence
method, PIE-FCCS, which quantifies protein-protein inter-
actions using correlations in fluorescence as the receptors
diffuse through a probe area. The observation of correlated
diffusion (i.e., fc> 0) is a rigorous indication of protein-pro-
tein interactions that have an association lifetime greater
than the dwell time of the proteins in the detected area
(~50 ms). It is this mobility-dependent information that dis-
tinguishes PIE-FCCS from an alternative method, FRET,
which does not measure protein mobility or concentration
and is complicated by transient collision events.
By comparing the cross correlation of full-length,wild-type
PlexinA4 to control proteins and plexin mutants, we have
shown that the PlexinA4 complexes are largely dimeric with
some possibility of the existence of higher-order oligomeric
species. The Sema domain of plexin is required for dimeriza-
tion of the inactive protein,whereas the cytoplasmic domain is
dispensable. The Sema domain may mediate the inhibitory
dimer through a Sema-Sema hemophilic interaction, or by in-
teracting with other domains from its dimer partner. We spec-
ulate that, in this inhibitory dimer, the cytoplasmic regions of
the two subunits are held far apart from each other and cannot
form the active dimer required for activation of the GAP
domain (17). Semaphorin binding disrupts the inhibitory
dimer and induces the active dimer of the extracellular region
(10–12),which brings the two cytoplasmic domains into close
proximity and promotes activation of the GAP domain.
Given their high degree of sequence identity, it is likely
that the other class A plexins also form the same inhibitory
dimer as PlexinA4. Plexins of other classes may use a
similar mechanism for regulation. The preformed dimer
may be important for suppressing the basal activity of plex-
ins, which is supported by previous reports that truncation of
the Sema domain leads to constitutive plexin signaling (24).
It may also promote fast activation of plexin by semaphorin,
because it eliminates the step of searching for a partner on
the cell surface for formation of the active dimer. Recently,
a number of other types of cell-surface receptors, particu-
larly receptor tyrosine kinases such as EGFR, the insulin
receptor, and the insulin-like growth factor receptor,
have been shown to undergo similar transitions from an
inhibitory dimer to an active dimer upon binding of their
ligands (37,39). Therefore, this mechanism of receptor
regulation, distinct from the simple monomer-to-dimer tran-
sition mechanism originally proposed for EGFR (40), ap-
pears to be more general than previously appreciated.AUTHOR CONTRIBUTIONS
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